Abstract A great part of interest has been paid for fabricating new materials with novel mechanical, optical, and electrical properties. Boron carbon nitride (BCN) ternary system was applied for variable bandgap semiconductors and systems with extreme hardness. The purpose of this literature review is to provide a brief historical overview of B 4 C and BN, to review recent research trends in the BCN synthesizes, and to summarize the fabrication of BCN thin films by plasma sputtering technique from B 4 C and BN targets in different gas atmospheres. Pre-set criteria are used to discuss the processing parameters affecting BCN performance which includes the gasses flow ratio and effect of temperature. Moreover, many characterization studies such as mechanical, etching, optical, photoluminescence, XPS, and corrosion studies of the RF sputtered BCN thin films are also covered. We further mentioned the application of BCN thin films to enhance the electrical properties of metal-insulator-metal (MIM) devices according to a previous report of Prakash et al. (Opt. Lett. 41, 4249, 2016).
Introduction

Sputtering process
Sputtering technique is a physical vapor deposition technique that is considered a successful technique as a result of its features like a high film deposition rate and low-temperature structures [1] . It is a simple and economical method for producing thin films of alloys, metals, carbides, nitrides, and oxides [2] . The most common approach to this technique is the magnetron sputtering technique that uses a magnetic field to assist the process of depositing thin films onto a substrate. The particles (atoms and ions) are ejected through the transfer of momentum from the Ar ions. In a magnetron sputtering, electrons are confined along the magnetic field lines. A gaseous plasma that confines electrons is generated, and then accelerated to bombardment the target, which will lead to erode the material and eject them in the form of neutral particles and a minor component of ions. Inert gas is typically used as sputter gas like argon or even an active gas like nitrogen. Then, these ejected particles will place onto the substrate and coat a thin film of the target.
The magnetron sputtering technique offers great advantages compared with other techniques like uniform, homogeneity, and great adhesion deposition over the comparatively large area, facility to choose the substrate material and target material with very high melting points, high deposition rate, and also easy of the control of thickness [3] . However, several disadvantages of reactive sputtering for instance target poisoning, poor deposition rates, and arcing causing defects in the thin film [4] . From the other hand, there are main factors used to tune the thickness of the synthesized films in sputtering technique. These factors are the integrated pulse energy, deposition time, [5] chamber pressure, plasma gas, the angle of target and the substrate, and substrate temperature which is important to reduce the dopant redistribution and defect formation related to high-temperature processing [6] . Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42247-018-0018-9) contains supplementary material, which is available to authorized users.
However, different energy sources are required to maintain the plasma state in magnetron sputtering technique while it is losing power inside the chamber such as direct current (DC) for conductive targets for instance aluminum and copper, radio frequency (RF) for nonconductive targets like silicon and manganese dioxide, ion-beam sputtering which can depend only on an ion source without using any magnetic field, ionassisted deposition reactive sputtering, and high-power impulse magnetron sputtering (HIPIMS) that produce higher energy flux of sputtered comparing with DC magnetron sputtering and ionized atoms are delivered to the growing surface in pulses repeated at certain frequency [5, 7] . Some materials deposited by magnetron sputtering have found applications in energy such as in gas turbine blade coating and solar panels, electronics/microelectronics application in flipchip backside metallization and sensors, and many other applications in various fields.
History of boron carbon nitride (BCN) thin film technology
In the recent years, thin film technology was applied in the field of semiconductors science. More interestingly, BCN films represented a potential material as protective and hard coatings for cutting tools and for other wear-resistance uses [8] [9] [10] [11] [12] [13] [14] . Drude in 1889 discussed the earliest fabrication of thin films under vacuum with unique characteristics on the glass of discharge tubes [15] . The principal properties of the materials could be improved by the formation of thin films instead of other structural arrangements. For instance, few numbers of microns of gold material coated onto glass surface make the glass conductive. Furthermore, thin film technology was used to prepare metastable phases at low temperature especially with applying plasma techniques such as sputter deposition and plasma assisted chemical vapor deposition (PACVD) techniques. For example, cubic boron nitride could be prepared easily at lower pressure and temperature than bulk fabrication processes. Moreover, PACVD techniques were employed to prepare polycrystalline diamond at 20 mbar pressure and lower than 1000 K temperature [16] . Thin film technology has been applied to semiconductor and photovoltaic cell technologies [17, 18] . It is well known that elemental solids of group IVA and compounds between IIIA and VA groups were applied in the aforesaid technologies because of their excellent physical and electrical properties. Within the next sections, the unique behaviors of BN and B 4 C materials will be discussed as well as the promising properties resulting from combining these materials to synthesize BCN thin films.
Boron nitride (BN) thin films
Diamond, c-BN, and boron carbide (B 4 C) are among the hardest known materials apart from nanocomposites or nano-multilayer materials. The structures of diamond and c-BN are very close to each other. Graphite and h-BN exhibit layered structures with weak van der Waals forces. More interestingly, graphite is a semi-metal while h-BN is an insulator.
Boron nitride material is a dry lubricant with excellent properties, which can be altered with respect to the crystal morphology. BN layers were applied in electron-field emitters, high-temperature dielectrics, tribological devices, and optoelectronic systems [19] [20] [21] . BN material can be also used in solar cell industry as it can be implemented at high temperature [22] [23] [24] [25] . It is noteworthy to mention that cubic boron nitride c-BN displays unique characteristics such as high thermal conductivity, wide band gap, extreme hardness, and negative electron affinity [26] [27] [28] [29] [30] [31] [32] [33] [34] . In addition, c-BN was used in a wide range of applications because of its novel chemical and physical behaviors. Chemical vapor deposition (CVD) and physical vapor deposition (PVD) can be utilized to provide a high-energy ion bombardment on the growing surface and this leads to accumulation of the compressive stress [35] [36] [37] [38] [39] . The compressive stress can be diminished by introducing 25% hydrogen into the reactive gasses [40] [41] [42] [43] . By using CVD and sputter processes, c-BN films can be fabricated with a thickness more than 1 μm [44] [45] [46] .
Many researchers paid their attention for the RF sputtering of BN sheets. One example of this, BN thin films were RF deposited on a glass substrate for gas sensor, optoelectronic, and beam-splitter applications [47] . High-pressure RF reactive magnetron sputtering was used to investigate the surface and optical performance. The results showed that the synthesized sheets offered good purity, homogeneity as well as low hydrophobicity. Furthermore, the c-BN phase can be produced by altering the Ar flow. The XRD analysis of the prepared films showed that the crystal structures are cubic and hexagonal. The crystal structures can be modified by changing the N 2 :Ar ratio. In addition, high-quality c-BN thick films were deposited on Si substrates by Zhao et al. by introducing hydrogen gas into N 2 /Ar mixture gasses. The incorporation of hydrogen gas decreased the deposition rate by suppressing the growth of h-BN. At a substrate temperature of 400°C and bias voltage of − 80 V, a 4.5 μm-thick c-BN sheets with over 95% cubic concentration were produced [48] .
Boron carbide (B 4 C) thin films
Among many different non-metallic materials such as silicon, alumina or nitride boron carbide owned a great property which has a high melting point (> 2400°C) [49] , excellent mechanical properties [50] , outstanding hardness [51] , great resistance to chemical agents, low specific weight, and high neutron absorption cross-section [52, 53] . Boron carbide atomic structure has been widely discussed in the various literature [54] [55] [56] [57] [58] . Due to its superior properties, B 4 C is used in several applications for example in high-technology industries, lightweight body armors [59] , abrasive wear-resistant materials, power generation in deep-space flight devices, and hightemperature thermoelectric conversion [60] [61] [62] [63] [64] [65] [66] [67] . In addition, the crystal structure of boron carbide has been identified for a long time [68] . Boron carbide crystal structure contained 12-atom icosahedral clusters located at the vertices of a rhombohedral lattice and connected by direct covalent bonds [69] . The rhombohedral unit cell composed of 15 atoms corresponding to B 12 C 3 . The lattice fits the R3m space group, and there are three atoms of linear chains that join the icosahedra along the (111) rhombohedral axis, as shown in Fig. 1 . Besides that, the structure can also be defined regarding a hexagonal lattice based on a non-primitive unit cell, and the close-packed plane of B 4 C is the [0001] axis of the hexagonal lattice which corresponds to the [70] rhombohedral direction illustrated in Fig. 1 [71] .
Studies of nuclear magnetic resonance (NMR) studied the crystal of stoichiometry close to B 12 C 3 and found that the central position in the C-C-C chain was partially filled by boron (60%) [72] . By using IR absorption spectroscopy, it has confirmed the presence of the C-B-C chain in compounds such as B 4 C [73] . Different techniques are used to prepare high-quality boron carbide; for instance, in an industrial area, it is made by using reduction of boron anhydrides, pressureless sintering, and hot pressing [74, 75] . Physical vapor deposition (PVD), pyrolysis of organics, and chemical vapor deposition (CVD) methods are used to synthesize B 4 C in the laboratory [76] [77] [78] . However, CVD is divided into numerous methods that are used for depositing boron carbides such as plasma-enhanced chemical vapor deposition (PECVD) [79] [80] [81] [82] , synchrotron radiation-induced chemical vapor deposition (SRCVD) [83] [84] [85] , classical-atmospheric or lowpressure chemical vapor deposition (c-CVD) [86] [87] [88] [89] [90] [91] [92] , and hot filament (HFCVD) [93] . It is important to note that there are different conditions to control the deposition process like pressure, temperature, composition, and reactive gas mixture type [78] . The next section describes the structure and properties of BCN thin films prepared by combining B 4 C and BN materials.
Boron carbon nitride (BCN) thin films
The Vickers hardness test on bulk cubic BC 2 N (c-BC 2 N) synthesized by Solozhenko et al. showed hardness of 76 GPa which is higher than that of a single crystal c-BN (62 GPa) [94] . This finding was motivated by Liu and Cohen calculations which showed that the bulk modulus (B) is directly proportional to the covalent character in bonding and inversely proportional to the bond length (d) in covalent materials [95] . The equation for tetrahedrally bonded covalent solids was expressed as following where λ is a measure of the ionicity of the compound: B ¼ number of C-C and B-N bonds increases the total energy of B-C-N layers' decreases. In addition, these materials could be employed as adaptable semiconductors as they exhibit mutable band morphologies [96] . This behavior was attributed to that the atomic arrangements of the atoms can tune the electrical characteristics without altering the atomic compositions.
Processing parameters of BCN thin film synthesis by sputtering technique
The structure and composition of the deposited films can be controlled by numerous parameters. These parameters will be discussed in details in the next sections.
Gasses flow ratio
It is noteworthy to report that Lousa et al. presented the results of using reactive RF magnetron sputtering to deposit a thin film of BCN by applying B 4 C target in a variable N 2 /Ar atmosphere that show highly active nitrogen combination mechanism. The structure, film composition, and mechanical properties were studied and demonstrated that in the plasma gas, the variation of N 2 /Ar mixture from 0 to 10% showed an increase of the N content in BCN films from 0 to 40% while the growth rate of the film increased around 0.5 mm/h. The film hardness decreased about 14 GPa and also the film stress reduced to 3 GPa. As a result, a suitable composition amount of N 2 and Ar gasses can be designated to achieve films with acceptable low stress though preserving a high hardness, which is needed in hard coating applications [97] . A preparation of BCN thin films also done by Yokomichi et al. using magnetron sputtering with two different targets which are BN pellets and graphite in the flow of a mixture of Ar and N 2 gas. They found that to enhance the senility of the sample, boron has to incorporate into BN networks. The concentration of B in films that produced during the flow of Ar gas was higher than in the films produced using N 2 gas, while the deposition rate was higher in the films with using N 2 gas compared to the film produced with Ar gas. The defect properties were investigated by using electron spin resonance (ESR) that found the linewidth improved because of the combination of B atoms which resulted from the hyperfine interaction between boron nucleus and carbon dangling bond electron [98] . From another hand, the effect of using Ar/N 2 gas ratio on BCN films and their microstructure has been reported by Nakao, S. and his co-authors by using RF magnetron sputtering with a flow of Ar/N 2 gasses [99] . Both of half-moon shaped B 4 C as BC-side and graphite as G-side targets, while two of Si (100) substrates were used. Different techniques were applied such as electron FE-SEM/EDX, FT-IR, XPS, UV Raman measurements, and nanoindenter test to investigate the compositional, structural and the mechanical behaviors of the films. The results demonstrated that the quantity of C-N bonds enhanced when increasing N 2 ratio, whereas the concentration of B decreased even in G-side. Otherwise, the level of C increased.
Moreover, Todi et al. examined the optical behavior of the RF sputtered BCN films as a function of N 2 /Ar gas ratio during the deposition process. The film composition and deposition speed were dependent on the mixture gas ratio. It was revealed that the transmittance was enhanced with the initial nitrogen introduction but did not alter with higher N 2 /Ar gas ratios. The optical band gap of the deposited films was improved up to 0.75. The optical band gap ranged from 2.2 to 3.0 eV (Fig. 2) and this indicates the possible linear trend between that of BC (2.0 eV) and BN (4.0 eV). Therefore, this performance can be applied to bandgap engineered devices [100] . It is noteworthy to mention that Yue et al. used Ar/ CH 4 gas mixture to deposit BCN thin sheets from BN targets [101] . It was revealed that the deposited films exhibited a structure of polycrystalline BC 2 N. Moreover, at 10% CH 4 partial pressure, the deposited BCN film provided semiconductor characteristics with an activation energy of 0.8 eV.
N 2 flow rate
More interestingly, Tavsanoglu et al. investigated the mechanical, microstructural, tribological, and chemical behaviors of BCN films deposited onto silicon and steel substrates by using B 4 C target with the flow of N 2 gas from 0 to 50%. The coat deposited with reactive DC magnetron sputtering and characterized by FE-SEM, electron probe microanalyzer (EPMA), XRD analyses, FTIR, and SIMS techniques. They studied the chemical composition, microstructures, chemical bonding structures, crystallinity, and mechanical and the tribological characteristics. The results showed a significantly reduced hardness, elastic modulus, and wear resistance and also Fig. 2 Optical band gap of the deposited BCN films as a function of N 2 / Ar gas ratio [100] reduction in the concentration of boron and carbon in BCN films with the increase of flow of N 2 in the coating composition. It is worth mentioning that it can be facile to deposit the ternary triangle B-C-N with tailored behaviors by using reactive DC magnetron sputtering with altering N 2 flow rates [102] .
Deposition temperature
For optical protection applications, a combination target of graphite and h-BN was employed to grow BCN thin films by RF magnetron sputtering on silicon and glass substrates at different temperatures ranged from 250 to 550°C [103] . It was revealed that the elemental chemical binding states and composition of the deposited BCN films were significantly affected by the deposition temperature. Moreover, at higher temperatures, the films with a higher portion of sp 3 bindings of boron, carbon, and nitrogen were produced. The refractive index and optical bandgap were observed to be in the range of 2.1-2.4 and 1.48-2.00, respectively. It was observed that, as the deposition temperature increases, the refractive index decreases and the optical bandgap increases. The fabricated amorphous B 25 C 40 N 35 at 550°C exhibited excellent optical behavior because of high fractions of sp 3 binding states. Tunable bond contents offer a significant parameter in controlling the physical characteristics of the materials.
Annealing
It is worth mentioning that Xu et al. studied the mechanical, structure, and scratch behavior of annealing temperature BCN thin films [13] . The films were prepared on Si substrate by using B 4 C desk and graphite ring composite targets in a direct current (DC) unbalanced magnetron sputtering at a mixture of Ar/N 2 gasses. After that, the BCN films were annealed in the range of temperatures. They found that BCN film owns a great vacuum thermal stability even with high annealing temperature like 1000°C, as well as the stability of the structure and amorphous phase of the film did not affected. Also, the results show that at the same temperature 1000°C the films demonstrated an excellent interfacial adhesion. Furthermore, increasing the annealing temperatures leads to a decrease in the elastic modulus and hardness properties of the films. The BCN films exhibited the strongest scratch resistance behavior at 600°C.
Another work investigated the impact of annealing temperature on the optical behaviors of BCN thin films. Todi et al. fabricated BCN thin films on Si wafers using RF magnetron sputtering with the B 4 C target, and by varying Ar and N 2 gas flow ratio [104] . The study conducted various annealing temperatures in dry oxygen at a range of 300 to 700°C. The results showed that the optical transmission property improved with N 2 incorporation within the deposition process and also at higher annealing temperatures. Besides that, annealing at higher temperatures led to decreasing the concentration of C and N in the film which confirmed that both C and N are very sensitive to temperature. The optical energy gaps measured from the absorption data also affected by annealing temperatures. XPS analysis showed that the chemical modifications correlated to the changes in optical properties of the films.
Sputtering power
The BCN thin films with hybridized B-C-N bonds were synthesized and sputtered on silicon wafers by Kim et al. using the RF magnetron sputtering of separate boron and carbon sources. The influence of the sputtering power of carbon target on the composition, morphology, and binding states of the fabricated films was reported [105] . B-N, B-C, C-N, and C-C chemical bonds were recognized in the deposited films. The FT-IR (Fig. 3) and XPS spectra exhibited the amorphous phase in most of BCN films. Increasing the sputtering power of carbon target induced strong B-C, C-C, and C-N bonds, which increased the elastic coefficients, hardness and elastic modulus of the synthesized films.
Liu, L. and co-authors explained the synthesis of BCN films by using RF magnetron sputtering on Si (100) substrate using dual targets containing h-BN and graphite in a mixture of Ar and N 2 gas [106] . The study investigated atomic-level of the films that composed of B, C, and N atoms. They explored the effect of the sputtering power at a range of 80 to 130 W on the composition of BCN films and their atomic fractions. It is worth mentioning that, at 110 W sputtering power, both B and N reache the highest of the atomic fractions while C atoms fraction reaches the minimum. Furthermore, the closest stoichiometry of BC 3 N produced at two sputtering power conditions 80 W and 130 W. However, the closest sample to the stoichiometry of BC 2 N found in the deposited range 100 and 120 W, and lastly, the closest sample to the composition of BCN found in the sample prepared at 110 W. 
Bias voltage
The morphology of BCN thin films can be investigated by measuring the bond contents. For example, Zhuang et al. deposited BCN films using boron and carbon targets with controlling the substrate temperature and bias voltage [107] . The composition of the fabricated films was unresponsive to the bias voltage regardless of the substrate temperature (25°C or 400°C). By changing the bias voltage and substrate temperature, the bond contents in the deposited films can be controlled. At 400°C, the sp Figure 4 demonstrates the cross-sectional SEM micrograph of a deposited thin film at 400°C and bias voltage of − 75 V.
In addition, Liu et al. synthesized BCN thin films by using RF magnetron sputtering through using a combination targets containing h-BN and graphite on Si (100) substrates with a fix distance of 6.5 cm between the substrate and the target. A mixture of N 2 and Ar gasses flows into the chamber. They investigated the effect of P N2 /P N2 + Ar , substrate bias voltage on BCN composition films, and total pressure. The deposited films were successfully shown to be chemically bonded to B, C, and N elements altogether and atomic-level hybrids. Furthermore, decreasing the P N2 /P N2 + Ar to 0% results in reducing the contents of B, N and increasing the atomic fraction of C atoms. Similarly, in an optimum total pressure, at higher bias voltages, BCN films displayed minimal content of B and N and higher C content. Whereas, decreasing the total pressure and bias voltage led to the reduction of the content of C atoms to the minimum and increased the fractions of B and N atoms to the maximum [108] .
Studies of sputtered BCN thin films
The physical and chemical behaviors of BCN films attracted a growing attention of researchers in the recent years. There are different studies conducted on BCN thin films deposited by using magnetron sputtering technique.
Mechanical studies
For hardness investigations, Prakash et al. synthesized BCN thin films as potential low-k candidates for inter-dielectric sheets for ultra-large scale integrated (ULSI) circuits. The hardness and electrical properties of BCN thin films were also discussed. In their work, BCN thin films were prepared by radio frequency (RF) target sputtering from B 4 C and dual target sputtering by using B 4 C target (RF) and BN target (DC) with Ar and N 2 flow. The elastic modulus (E) and hardness (H) of the synthesized BCN films were studied as a function of different parameters. At certain power and N 2 /Ar flow ratio, the hardness was declined and this performance can be designed to control the hardness for the desired application. More interestingly, as the N content and substrate temperature increase, the dielectric constant decreases. In addition, when the temperature was increased, the hardness of BCN films was clearly increased [109] .
BCN films were also synthesized by DC and RF magnetron sputtering using a combination of B 4 C, BN, and C targets in Ar/N 2 ambient to study the mechanical and dielectric properties such as mass density, hardness, Young's modulus, and dielectric constant [110] . They examined the chemical composition and chemical bonding of the deposited films using XPS and FTIR. It was found that all BCN films have relatively low mass densities varied from 2.0 to 2.5 g/cm 3 . BCN films displayed high values of hardness ranging between 30 and 40 GPa and Young's modulus of ∼ 285 GPa.
Etching studies
Prakash et al. investigated the wet chemical etching of BCN thin films deposited using dual magnetron sputtering of B 4 C (DC) and BN (RF) targets in a mixture of N 2 /Ar ambient using [111] . They used a combination of H 3 PO 4 , HNO 3, and CH 3 COOH as a typical aluminum etchant to test its feasibility as a good etchant for BCN thin films. The etching studies were performed on BCN films that were deposited at room temperature, 200°C and 300°C, as a function of various N2/Ar gas flow ratios. It was found that the etching rate of BCN films decreases with increasing deposition temperature.
Optical studies
The optical behavior of BCN films was discussed by Prakash et al. BCN films were fabricated by RF magnetron sputtering of BN target and DC sputtering of the B 4 C target in Ar and N 2 gas atmosphere. Different parameters such as N 2 /Ar flow ratio, deposition pressure, and deposition temperature influenced the optical behavior of the deposited BCN films effectively. Moreover, when the N 2 loading in the BCN film was increased, the optical transmission was increased significantly. The rise in substrate temperature affected the transmission slightly. The calculated optical band gap using Tauc plot was increased with increasing the N 2 /Ar flow ratio [70] .
Photoluminescence studies
Prakash et al. conducted a study about photoluminescence (PL) on BCN thin films. They used dual target sputtering utilizing B 4 C (DC), BN (R f ) targets and a mixture of N 2 and Ar gas flow ratio with increasing the substrate deposition temperature to 200°C and 400°C. PL spectra of BCN films exhibited in the visible region two sharp peaks at 498 nm and 599 nm. The PL spectrum of the film deposited at 400°C displayed the highest PL intensity. The increased PL intensity with increasing the deposition temperature was attributed to the improved crystalline quality of the BCN films. [112] .
Copper diffusion studies
Copper is highly diffusing in oxide-based low-k films which causes significant precision problems. However, BCN is inactive and strong to use in diffuse of numerous interconnect metal ions, for instance, copper (Cu) even at higher annealing temperatures. Prakash A. and Sundaram K. reported the diffusion of copper in BCN thin films deposited by dual target sputtering using B4C (DC) and BN (RF) as targets. Secondary-ion-mass spectrometry (SIMS) analysis was performed to study the diffusion of Cu into BCN films while X-ray photoelectron spectrometry (XPS) was equipped to measure the elemental stoichiometry of the film. The outcomes illustrated that increasing the concentration of boron in the BCN thin film leads to the increase of the Cu diffusion whereas, annealing the film in the range of 200-400 C has minimal copper diffusion effects in the BCN films. [113] .
Electrical studies
The successful deposition of BCN thin films by RF magnetron sputtering and DC sputtering of BN and B 4 C targets, respectively in Ar and N 2 flow was also achieved to investigate the electrical characteristics of BCN films. Metal-insulator-metal (MIM) sandwich structure such as Al-BCN-Al was also prepared. It was noted that the electrical behavior of the synthesized BCN films can be efficiently controlled by N 2 /Ar flow ratio, deposition pressure, and deposition temperature. Increasing the N 2 loading in the BCN films and substrate temperature reduced the dielectric constant of the produced BCN films. The breakdown voltage was increased with N 2 . Furthermore, with increasing the substrate temperature, the breakdown voltage was increased initially then followed by a slight decrease. The resistivity of the deposited BCN films was noticed to be constant and can be slightly changed by increasing the substrate temperature [114] .
XPS studies
Dual magnetron sputtering was used by Prakash et al. to optimize the processing parameters of BCN thin film synthesis. The deposition process was optimized by target power levels, N 2 /Ar flow ratio, and substrate temperature. In this approach, B 4 C and BN targets were co-sputtered with nitrogen gas to deposit the BCN films. It was realized that keeping DC power to B 4 C target constant while increasing RF power to BN target increased the deposition rate. In contrast, keeping RF power to BN target constant while increasing DC power to B 4 C target did not change the deposition rate. The deposition rate was declined at N 2 /Ar gas ratio of 0.25 to 0.75 and 20 W DC while no clear behavior was noticed at 40 W DC. In addition, the deposition rate was declined and tended to increase at 400°C. A clear BCN phase formation for the BCN films fabricated at both 20 W and 40 W DC and different N 2 /Ar flow ratios and temperatures was revealed from XPS spectra. It was noteworthy to mention that clearer BCN peaks were noticed for 40 W DC deposition compared to 20 W DC deposition. Furthermore, the BCN films deposited at 20 W DC exhibited a constant N1s peak (BN peak) with increasing the N 2 /Ar flow ratio while N1s peak was shifted towards higher binding energies at 40 W DC deposition, indicating a higher content in carbon. Higher loading of sp 2 -NC bonds was noticed. C1s peak (B-C peak) intensity was decreased for films deposited at 20 W DC and remained constant for films synthesized at 40 W DC. For films deposited at 20 W DC, the broadening of C-N peak was observed at higher N 2 /Ar flow ratio and becomes prominent at N 2 /Ar flow ratio of 1. The C content was declined and revealed by the slight shift of C-N peak towards lower binding energy at higher flow ratios. For 20 W DC deposition, BCN peak was increased while BN peak remained constant whereas, for 40 W DC deposition, BCN peak broadens with increasing N 2 /Ar flow ratio and becomes prominent at N 2 /Ar gas ratio of 1 [115] . To investigate the physical and the chemical characteristics of deposited films, graphite, and B 4 C targets were applied in RF sputtering by Essafti et al. to deposit amorphous CN, amorphous BC, and amorphous BCN thin films on silicon substrates. It was found that carbon atoms bound to nitrogen atoms majorly as sp 2 C=N rather than sp 3 C-N and exist as C-C bonds in the deposited BCN films. In addition, C=N and B-N bonds were also formed. The films were deposited with varying proportions and diverse bonding forms. The great variation in the shape and the binding energies of the C1s core level XPS spectra indicated the difference in the morphology of the synthesized films [116] .
Corrosion studies
Composites are applied in a wide range of applications because of their promising properties [117] [118] [119] [120] [121] [122] [123] [124] [125] . To illustrate, the corrosion behavior of BCN films has been attracted a growing attention of researchers to allow their application in different environments. The electrochemical polarization and dissolution rate of a deposited BCN thin film in acidic, neutral, and alkaline mediums were studied by Byon et al. The dissolution rate of B 1.0 C 2.4 N 1.0 thin film was declined in NaOH < NaCl < HCl solutions (Fig. 5a) . In 1 M NaOH medium, it was revealed that as the C ratio increases as the dissolution rate of the BCN film decreases (Fig. 5b) . In addition, a B 1.0 C (3.2-4.4) N 1.2 thin film was noticed to exhibit a superior corrosionresistant performance [126] .
Raman spectroscopy studies
Raman spectroscopy is a technique applied to measure the wavelength and intensities of inelastically scattered light by measuring the change in rotational, electronic or vibrational energy of a molecule. The properties and microstructures of the films can be investigated by Raman spectroscopy [127] . The long-range ordered crystalline structure can be predicted from Raman results. To illustrate, Tsai et al. used pulsed-DC magnetron sputtering technique to deposit BCN films using B 4 C target under Ar/N 2 gas flow. Numerous processing factors were discovered to grow BCN films with high c-BN content [128] . To characterize the composition and phases, Raman spectroscopy with other techniques was used. By changing temperature and substrate bias, the deposited BCN films displayed h-BN, c-BN, wurtzite-BN (w-BN) phases and their mixed phases. By controlling the substrate bias and stage deposition technique, 90% c-BN film was obtained with clear facets and grains [128] .
4 Metal-insulator-metal (MIM) devices based on BCN thin films Prakash A. and Sundaram K. synthesized BCN thin films by RF magnetron sputtering using B 4 C target at various flow ratios of N 2 and Ar gasses and deposition temperatures to study the electrical properties of metal-insulator-metal (MIM) devices. They found that increasing the N 2 gas in the BCN film and the substrate temperatures leads to drop the dielectric constant but increasing the dielectric breakdown strength and the resistivity. Moreover, the highest dielectric breakdown strength of 3.4 MV/cm of BCN films achieved with a dielectric constant of 2.13 and resistivity of 3 × 10 12 Ω.cm [129] . Another paper conducted by Prakash et al. for MIM devices tested for their potential UV photodetection capability by using BCN films applied in harsh environment applications. They used dual target RF magnetron sputtering, BN target as DC sputtering and B 4 C as RF magnetron sputtering with N 2 and Ar as processing gas to form BCN films. Glass substrate used to produce MIM structure, deposited by aluminum strips as a bottom electrode using a mechanical mask in a thermal evaporation technique and loaded in the sputtering system to deposit a thin film of BCN of a thickness of 100 to 120 nm. The last step ended by creating the top electrode through depositing a number of gold strips over the BCN film, a thin layer of gold fabricated by using thermal evaporation process to form a transparent top electrode for the photo-detector window. Using UV photocurrent measurements, the optoelectronic performance of the BCN MIM device was examined using UV photocurrent measurements. The device achieved a UV photocurrent response of two orders higher with respect to dark current in the range − 3 to 3 V [130] . Table 1 represents different processing parameters used to prepare thin BCN films. This table summarizes the targets used in both of RF and DC powers, deposition gasses, and the various temperatures used during the deposition and the main results. 
W of Rf
•Enhance the senility of the sample by incorporating the boron into BN networks.
• higher N 2 /Ar gas ratios.
•The optical band gap of the deposited films was improved up to 0.75.
BN targets
Yue et al. [101] XPS, XRD, and FTIR •In pure Ar gas, either (C/BN) or (B •As the N 2 loading in the BCN film was increased, the optical transmission was increased significantly.
•The rise in substrate temperature affected the transmission slightly. •The deposition film at 400°C displayed the highest PL intensity and the mentioned reason related to the high surface to volumes ratio and larger crystallite with fewer defects.
BN and B 4 C target
Prakash, A. and Sundaram, K. 
20-40 W DC
•Clearer BCN peaks were noticed for 40 W DC deposition.
•The BCN films deposited at 20 W DC exhibit a constant N1 s peak (BN peak) with increasing the N 2 /Ar flow ratio while N1 s peak was shifted towards higher binding energies at 40 W DC deposition.
Graphite, and B 4 C targets Essafti et al. [116] •Carbon atoms bound to nitrogen atoms majorly as sp 2 C=N rather than sp 3 C-N and exist as C-C bonds in the deposited BCN films.
•The great variation in the shape and the binding energies of the C 1s core level XPS spectra indicated the difference in the morphology of the synthesized films.
99.9%-grade boron and 99.99%-grade carbon targets Byon et al. [126] Ellipsometer N 2 -180 and 150 W of r.f.
•The dissolution rate of B 1.0 C 2.4 N 1.0 thin film was declined in NaOH<NaCl<HCl solutions.
•a B •phases after changing temperature and substrate bias.
Conclusion
Sputtering technique is considered as an excellent method to synthesize thin films with availability to use various types of substrates and deposit uniform films over a relatively large area. Many studies conducted the synthesis of BCN by RF magnetron sputtering and investigated different properties of the films and the effect of varying deposition parameters. The increase of N 2 flow resulted in a significant decrease in the elastic modulus, hardness, and wear resistance and led to reducing the amount of boron and carbon in BCN films. From the other hand, varying the temperature and annealing affected the refractive index and the optical bandgap. Furthermore, even at high annealing temperature at 1000°C, it has been found that BCN films possess an unlimited vacuum thermal stability. Sputtering power also played a primary role in enhancing the elastic coefficients, hardness and elastic modulus of the synthesized films. Changing the bias voltage and substrate temperature allowed to control the bond contents in the deposited films. The hardness of BCN films can be improved by increasing the substrate temperature. The incorporation of about 20% of N 2 leads to producing BCN films with either electrically insulating behavior with a low dielectric constant or high mechanical characteristics. When the nitrogen content in the BCN film was surged, the optical transmission was increased dramatically while increasing the substrate temperature modified the transmission slightly. Furthermore, deposition BCN films at 400°C offered the highest PL intensity, reducing the deposition temperature reduced the PL intensity. Cu diffusion could be increased by increasing the boron loading of BCN thin films whereas, changing the annealing temperature revealed very small Cu diffusion enhancement. Increasing the N 2 content and substrate temperature diminished the dielectric constant of the deposited BCN films. In addition, increasing the substrate temperature increased the breakdown voltage initially then followed by a slight decrease. The resistivity was found to be constant and can be slightly modified with increasing the substrate temperature. Corrosion studies revealed that B 1.0 C (3.2-4.4) N 1.2 thin films provided superior corrosion-resistant properties. BCN MIM devices achieved a UV photocurrent response of two orders higher with respect to dark current in the range − 3 to 3 V. 
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